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THE USE OF AREA SUCTION FOR THE PURPOSE OF IMPROVING 

TRAILING-^IDGE FLAP EFFECTIVENESS ON 

A 35° SWEPTBACK WING 

By Woodrow L. Cook, Curt A. Holzhauser, 
and Mark W. Kelly 


SUMMAEY 


An investigation was conducted to determine ttie effectiveness of 
suction applied through a porous area at the leading edge of the flap, 
on a 35^ sweptback wing. Several chordwise extents and positions of 
area suction were tested for the suction flap deflected 55 ^ and 70 . 

The effectiveness of the flap was determined in conjunction with three 
types of leading— edge devices: (l) a leading— edge slat, ( 2 ) a modified 
leading edge incorporating camber and an increased leading— edge radius, 
and (3) porous leading edge with area suction applied. Measurements 
were made of the static longitudinal characteristics and, in some cases, 
measurements were made of wing— surface pressure distributions. Measure- 
ments were also made of the suction requirements for the application of 
area suction on the flap alone and in conjunction with area suction 
applied at the wing leading edge. 

The results indicated that large increases in flap lift increment 
can be made by applying suction with very small flow quantities to an 
area near the leading edge of a flap. It was determined that with area 
suction the flap effectiveness predicted by inviscid theory could be 
realized. It was determined that irrespective of angle of attack, the 
flap lift increment could be maintained almost constant to the angle of 
maximum lift of the wing. The wing maximum lift appeared to be governed 
by leading— edge separation in all cases, including those where leading- 
edge— separation control devices were used. The maximum lift increment 
obtained by the use of area suction on the flap was not critical as to 
location of the porous area, but the suction requirements to maintain 
this flap lift did vary with the location of the porous area. 

The results indicated that with the use of a partial— span extent 
of leading-edge area suction from 0.45 semispan to O .96 semispan. 
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there was no indication of longitudinal instability beyond maximum lift; 
whereas for all the other configurations of leading edges tested longi- 
tudinal instability was indicated at attitudes above that for maximum 
lift. 


An approximate design procedure is discussed to demonstrate how 
the results of tests of a suction flap on a 35 ° sweptback wing can be 
used to determine the suction— power requirements and the lift attainable 
with suction flaps on wings having other sweepback. 


INTRODUCTION 


The trend of aircraft-wing design toward thinner sections, lower 
aspect ratios, and more sweepback has necessitated a search for more 
effective high— lift devices for low— speed flight. The investigations 
of references 1 through 5 have shown various means of delaying the 
occurrence of air— flow separation and thus improving the low— speed char- 
acteristics of swept wings. The devices — leading-edge slats, modified 
leading edges incorporating camber and an increased leading— edge radius , 
and leading-edge area suction — were all used for the piirpose of delay- 
ing the occurrence of leading— edge air— flow separation. The effect of 
these devices was to extend the linear portions of the lift and pitching- 
moment curves to higher lift and angles of attack. In many cases , 
depending on the sweep and aspect ratio, the angles of attack at which 
these improvements in lift were made are considerably higher than those 
used by present-day aircraft in landing, take-off, or maneuvering. 

The investigations of references 1, 2, and 4 through 7 show the 
effect of single- or double-slotted flaps in reducing the angle of 
attack for a given lift coefficient for swept wings of various aspect 
ratios and taper ratios. The degree of effectiveness obtained from 
such flaps was considerably less than has been anticipated to be neces- 
sary in future wing designs. 

Several investigations have shown that flap effectiveness can be 
increased, especially at high deflections, by application of a form of 
boundary— layer control more effective than that achieved by such common 
designs as single- or double-slotted flaps. Two types of boundary-layer 
control, sucking or blowing air through slots at the forward edge of the 
flap, as reported in references 8 throu^ 12, showed this increased 
effectiveness. The results of reference 1 indicated that much less 
power is required to obtain boundary— layer control at a wing leading 
edge with suction throu^ a porous area than through a slot. It was 
reasoned that similar gains could be realized in the case of boundary- 
layer control at the forward edge of a flap. 

Because of these possible gains, an investigation was conducted 
on a 35° sweptback wing with area suction applied through various 
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chordwise extents and positions of porous surface on a partial— span 
flap. Since it was anticipated that maximum lift would he established 
by leading— edge separation, the investigation also included the use of 
the suction flap in combination with several wing leading-edge devices; 
(l) a leading— edge slat, (2) a modified leading edge having camber and 
an increased leading— edge radius, and (3) partial and full— span extents 
of area suction at the wing leading edge. 

In analyzing the data from the investigation of the 35^ sweptback 
wing, it appeared that the results could be of immediate interest in the 
design of flaps for wings of other plan forms. In order to provide the 
background for the design of flaps with area suction, the discussion has 
been extended to cover qualitatively the physical phenomena involved. 

In addition, the design procedure used to estimate the characteristics 
and suction requirements for an example application is included in 
Appendix A. 

The investigation was conducted in the Ames UO— by 80— foot wind 
tunnel. The results of the tests are presented herein. 


NOTATION 


■^m 


wing span, ft 

chord, measured parallel to the plane of symmetry, ft 

2 p 

aerodynamic chord, ^ J c"^dy, ft 


mean 


c "t 

section lift coefficient, i / Pdx cos a — l/c / Pdz sin 

drag 


a 


c o 


Cj) drag coefficient. 




Ct lift coefficient, 


pitching-Hinoment coefficient computed about the quarter— chord point 

pitching moment 

of the mean aerodynamic chord, — 


■q^ 


Q 


Cq flow coefficient, 

d chordwise extent of porous surface, measured in chord plane, ft 
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length of porous surface, measured along surface normal to leading 
edge, in. 

free-stream static pressure, Ib/sq ft 
local-surface static pressure, Ih/sq ft 


airfoil pr^cr 


coefficient. 


Pl-Pp 

lo 


average duct ■pressure coefficient, 
plenum— chamber pressure coefficient 


Pd-Pp 

qo 

Pp-P 
’ qo 


o 


free-stream dynamic pressure, Ib/sq ft 

volume of air removed through porous surface, cu ft/sec, 
based on standard density 

UqC 

Reynolds number, — ^ 


wing area, sq ft 

thickness of porous material, in. 

free-stream velocity, ft/sec 

suction— air velocity, ft/sec 

assumed weight of airplane, Ci,qoS 

distance alon^ airfoil chord, referenced to the leading 
edge of the unmodified sections, ft 

spanwise distance, measured perpendicular from fuselage center 
line, ft 

height above wing reference plane defined by the wing quarter- 
chord line and the chord of the unmodified section at O .663 b/2 

sweep angle, deg 

angle of attack of fuselage center line, deg 

flap deflections measured in plane normal to the hinge line, deg 
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Ap pressure drop across porous material, Ib/sq ft 
V kinematic viscosity, ft^/sec 

Subscripts 

f trai ling-edge flap 
L leading edge 
crit critical 
E reference conditions 

COEEECTIONS 


The standard tunnel-wall corrections for a straight wing of the 
same area and span as the sweptback wing were applied to the angle of 
attack, pitching-moment, and drag— coefficient data. This proced\are was 
followed since an analysis indicated that tunnel-wall corrections were 
approximately the same for straight and swept wings of the size under 
consideration. The following increments were added: 

Zto = 0.6l Cl 
ACp = 0.0107 Cl^ 

Cmij = 0.008 Cl (tail— on data only) 

No corrections were made for strut interference. All flow coeffi- 
cients were corrected to standard sea— level conditions. The effect of 
the thrust of the exhaust Jets was found to be negligible. 


MODEL AND APPAEATUS 


A general view of the model is shown in figure 1. Except for the 
flaps, the model is the same as was used in the investigation of refer- 
ence 1 where it is described completely. The geometric characteristics 
of the model are shown in figures 2 and 3. The wing panels and horizon- 
tal tail are from an F— 86 a airplane. The horizontal tail is in the same 
position relative to the wing as on the airplane. The coordinates for 
the airfoil section at two spanwise sections are given in table I. 
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Suction Flaps 


The original trailing-edge flaps on the wing described in refer- 
ence 1 were removed and replaced with suction flaps that could be 
deflected to 55° and 70° (fig. 4(a)). The flaps had a constant chord 
and extended from 0.135 semispan to 0.495 semispan. The flaps were con- 
structed with a porous surface on the upper surface over the axis of 
rotation as shown in figures 4(b) and 5. The porous surface extended 
from a point l/2 inch aft of the reference line to 8 inches aft of the 
reference line meastired along the surface normal to the reference line. 
The reference line, shown in figure 4, is a line on the upper surface 
of the wing in a vertical plane with the hinge line. The chordwise 
extent and position of porous surface was controlled with a nonporous 
tape of about 0.003— inch thickness. The various extents and positions 
of porous areas tested are listed in table II. The dimensions given are 
normal to the reference line and are measured along the curved porous 
surface. The chordwise extent of the porous surface for all configura- 
tions was constant across the span of the flap. 

The porous material used for the flap was the same type as used in 
the investigation of reference 1. The material was composed of an elec- 
troplated metal mesh sheet backed with l/l6— inch— thick white wool felt. 
The metal mesh sheet had 4225 holes per square inch, was 11— percent 
porous, and was 0.008 inch thick. The wool felt had a weight of 4 pounds 
per square yard for l/2-inch-thick material. The flow resistance char- 
acteristics for the porous material are shown in figure 6 for l/2— inch- 
thick wool felt. For other thicknesses of wool felt, the pressure drop 
across the porous material for a given suction velocity is directly pro- 
portional to the thickness of the wool felt. 


Wing Leading Edges 


The various leading-edge configurations used in the tests are listed 
in table III. Some tests were made with the F-86 a airplane leading edge, 
configuration A, with the slat in the closed position as shown in fig- 
ure 7. In these tests the slits between the four segments of the slats 
were taped as in reference 2 to prevent flow of air from the bottom sur- 
face to the top. The majority of the tests with an unmodified F-86A 
wing leading— edge contoiir were made with the porous leeiding edge taped 
with a nonporous tape, configuration B. Three leading— edge devices were 
used to attain higher maximum lift coefficient: (l), the modified lead- 
ing edge of reference 2 which had camber added to the forward portion of 
the chord and an increased leading-edge radius, as shown in figure 7(a) 
and table IV; (2) the F-86 a leading-edge slat, shown in figure 7(4>), 
extending from 0.245 semispan to 0.94 semispan; (3) the porous leading 
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edge Tised in th,e investigation of reference 1. The various spanwise 
extents of leading— edge area suction used and the one spanwise variation 
of the chordwise extent (configuration B of ref. l) used for all spanwise 
extents are shown in figure 8 and table III. Figure 9 shows the varia- 
tion of the thickness of porous wool felt backing material at various 
spanwise sections. The flow resistance of the porous material for the 
leading edge is shown in figure 6. As indicated in tlie figure, tMs 
porous material has approximately twice the density for a given thick- 
ness of material as the porous material used at the flap. 


Suction Apparatus 


Two completely separate suction systems were employed; one for the 
leading edge and one for the flap. Each system consisted of a centrif- 
ugal compressor driven by an electric motor mounted in a plenum chamber 
in the fuselage. The air was drawn from the wing surface, into wing 
ducts, through the pleniom chamber and the compressor and out the exit 
ducts at the bottom of the fuselage. The quantity of air removed for 
each suction system was measured by survey rakes located at the exit of 
the system. The rakes were calibrated with standard ASME orifice meters. 
Plenum-chamber and duct pressures were measiired with static pressure 
orifices and can be assumed to be equal to the total pressure since the 
suction— air velocities in the duct and plenum chamber were low. The 
spanwise location of the surface pressure orifices are shown in figure 2, 
and the chordwise positions are listed in table V. The total suction 
power was measured with a wattmeter and included pvunp losses, duct 
losses, and the suction requirements. 


TESTS 


The primary purpose of the investigation was to determine the rela- 
tion between the lift increments realized from the flap and the suction 
power and flow quantities required. Three— component force data were 
obtained at zero sideslip for all flap and wing configurations. For 
some conditions, pressure distributions over the wing were obtained. 

In addition, tests were made of three wing and flap arrangements with 
the horizontal tail removed to show the effects on longitudinal stabil- 
ity. Table VI lists the various configurations that were investigated. 

Initial tests showed that as suction was increased, the lift incre- 
ment first increased rapidly, then, quite abruptly, the rate of increase 
fell off to a very low value. The test procedure followed, therefore, 
was to determine for each model arrangement and angle of attack the 
power and suction quantities required to reach the point where further 
increases in these quantities gave little increase in lift increment. 
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This was done hy holding the angle of attack and free-stream velocity 
constant and obtaining data as the suction quantity was varied. 

For the model with the unmodified wing leading-edge profile, an 
extensive investigation was made, for both 55*^ and 70*^ fl&P deflection, 
of the effect of position and extent of the porous area. Table II pre- 
sents a summary of the porous area arrangements tested. Data were 
obtained at Reynolds numbers of find . For the model with 

wing leading— edge modifications , only one flap deflection, 55*^^ and only 
one arrangement of porous area on the flap were tested (see table VI). 

For the full-span leading-edge suction, suction quantities required at 
the wing leading edge were determined for each angle of attack as those 
which, by observation of pressure distribution. Just prevented separa- 
tion of flow from the wing leading edge. 


RESULTS AND DISCUSSION 

Model With Suction Flap and 
Unmodified Leading Edge 


The lift, drag, and pitching-moment data are shown in figure 10 
with the trailing-edge flap deflected 55° and 70°. The results are 
shown with and without suction applied on the flap and are compared with 
a slotted flap deflected 38 ° having essentially the same span and chord 
(ref. 2). 

Lift.- Figure 11 shows the variation of the flap lift increment 
with flow coefficient. These data were obtained at one wing angle of 
attack, 0.5°, and for one location and extent of porous area for each 
flap (configuration k for the flap deflection of 55° and configuration I 8 
for the flap deflection of 70°). Similar data were obtained at other 
angles of attack and for other configurations of porous area. Examina- 
tion of all these data showed the following important facts which are 
applicable to eeich condition of flap deflection: 

1. The variation of lift increment with flow coefficient was qual- 
itatively the same for any configuration of porous area in that, as flow 
coefficient was increased, an initial slow rise in lift was followed by 
an abrupt rise to a particular value which could be increased only 
slightly by further large increases in flow coefficient. 

2. For any one configuration of porous area, the variation of lift 
increment with flow coefficient showed almost no variance with angle of 
attack, provided the angle of attack was less than that at which separa- 
tion of flow appeared at the wing leading edge. 
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3 . For all configurations of porous area, the same total increase 
in lift occurred as the flow coefficient was increased, but the abrupt- 
ness of the rise and the flow coefficient at which it occurred were mod- 
ified by the chordwise extent and location of the porous area. 

The data shown in figure 10 represent, for either flap deflection, 
the condition wherein the flow coefficient at each angle of attack was 
sufficient to be in the range where a negligible increase in lift could 
be realized from increased flow coefficient. The data therefore are 
applicable to any configuration of porous area for each flap deflection 
that is noted in table II. 

The existence, for each flap deflection, of a particular value of 
lift increment which could be exceeded only slightly by large increases 
in flow coefficient suggests that as soon as there is sufficient area 
suction to permit attaining nearly linear flap effectiveness, no further 
gains in lift could be expected. This can be indicated by comparing 
measured flap lift increments and total-wing lifts with those predicted 
by the method of reference 13 ^ wherein linear flap effectiveness to these 
deflections can be asstimed. In making such a comparison, it is first 
necessary to make a choice of the experimental ACj, increment gained by 
the use of suction. For instance (fig. 11) with 55° of flap deflection, 
the ACp, increases from 0.75 to O .78 as the flow coefficient increases 
from O.OOOU 8 to 0.002. This lift increase was considered of small inter- 
est in view of the increase in flow coefficient required; hence, the 
choice was arbitrarily made to direct attention to that value of ACl 
reached when the linear increase with flow coefficient begins (see 
fig. 11). It should be noted that often this is not a sharply defined 
point and, therefore, the choice of the value of flow coefficient asso- 
ciated with it is somewhat arbitrary; an attempt will be made to make 
apparent the degree of interpretation as results are discussed. Herein, 
the lift increments corresponding to this value are denoted as 
the associated total-wing lift coefficients are ^Lcrit^ asso- 

ciated flow coefficient is *^Qcrif 

Good agreement between theory and experiment was obtained for the 55° 
flap-deflection case (O .78 = ^Lcrit tail— off experimental data 

ant^ 0.80 = ACl from theory); poorer agreement existed in the 70 ° flap- 
deflection case ( 0.87 = estimated from tail-on experimental data 

and 0.99 = from theory), and it is not clear whether this is a 

limitation of the theory or a failure of the area suction to totally 
eliminate separation, although tuft studies and press-ure-distribution 
measurements indicated that the latter was a contributing factor to the 
disagreement. 

It will be noticed from figure 10 that was maintained 

almost without loss up to 01^^^. For these cases, appeared to 
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Le limited by separation of flow from the wing leading edge which was 
indicated by the pressure distributions and will be discussed later. 

Thus, application of suction to the flap gave a major increase in 

with only a sli^t change (reduction) in stall angle. Installation of 
the smooth F— 86 a leading edge in place of the taped— over porous leading 
edge (ref. 1) enabled an increase in from 1.U8 to 1.68; even in 

this latter case, there is apparently no important reduction in 
with angle of attack. 

The majority of tests were made with no discontinuity existing 
where the upper wing surface Joined the surface formed by the flap deflec- 
tion. Eecognizing that such would not be possible in practice, since a 
discontinuity nnist exist to enable flap retraction, a limited study was 
made of the effect of such a discontinuity in the form of an abrupt 
3/16— inch drop in contour along the flap Just forward of the porous area. 
No change in flap effectiveness was measured, although a slight increase 
in flow coefficient was required to obtain 

Pitching moment .— Suppression of separation on the flap caused no 
particular change in the variation of pitching moment with lift coeffi- 
cient, except that the linear range was extended to hl^er lift coeffi- 
cients. A point worthy of note is that in the tail— on case, the increase 
in flap effectiveness was not accompanied by a pronounced change in 
pitching moment (fig. 10(a)). It can be seen by comparing the data of 
figures 10(a) and 10(b) that in a large measure, the self— trimming effect 
results from the particular location of the tail in the downwash field 
since an increase in flap lift is accompanied by an increase in the neg- 
ative value of the tail— off pitching moment. However, it can be shown 
from figure 10(b) that the pitching moment per unit of flap lift is less 
for the flap with area suction (a value of 0.155) than for the flap with- 
out suction (a value of O.I8). Presumably, this results from a forward 
shift in local center of pressure as separation is suppressed on the 
flap. This fact may be of importance if greater flap lift increments 
than shown herein are desired and maximum lift of the horizontal tail 
is approached. 

Suction requirements — effect of position of porous area .— It 
was noted in the previous section that figure 11 shows a typical varia^ 
tion of lift increment with suction, and that a value of lift noted 
as was chosen to represent the most interesting case wherein 

the flow coefficient was limited to that required to Just suppress sepa- 
ration and maintain nearly linear flap effectiveness. It was also noted 
that while all porous area configurations achieved this end, ^ 

varied for each configuration of porous area. Figures 12 and 13 have 
been prepared to show this variation for the 55° and 70° flap deflec- 
tions, respectively. The effects of two variables are shown in each 
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figure, first, the effect of position of two extents of porous area, and, 
second, the effect of the extent of porous opening with the forward edge 
at a fixed point. 

The results shown in figures 12(a) and 13 (S’) indicate that there 
is a particular position for the forward edge of the porous opening which 
results in ml ni rnnin and that this position is not greatly affected 

"by the extent of opening — at least within the range tested. Figures 12(b) 
and 13 (h) indicate that with the forward edge at the position for mini— 
mum for either of the two extents, there is also a particiilar 

extent required to realize minimum 


While figures 12 and 13 serve to show trends, it would appear 
reasonable to assume they are not quantitatively applicable to other 
wing— flap arrangements. Evidence of this is the differences in the var- 
iation for the two flap angles (figs. 12 and 13). If the reasons for 
these differences were known, the usefulness of the data would obviously 
be greatly increased. In the following paragraphs, the extent to which 
they are vmderstood will be discussed. 

It has been shown previously, in connection with application of 
area suction to control separation of flow from the leading edge of a 
wing, that area suction is most effective when the forward edge of the 
porous area coincides with the point of maximum negative pressure. That 
this is also true in the case of the flap is indicated by the relative 
positions of the maximum negative pressure measured over the flap and 
the position of the forward edge of the porous area for minimum flow- 
coefficient requirement. Suction forward of this point results in need- 
lessly withdrawing air in the region of a favorable pressure gradient. 
Moving the leading edge of the area suction progressively aft results in 
not only increased flow requirements but, as found during this investi- 
gation, instability of the flow and, finally, inability to maintain 
attached flow. It seems safe to conclude that the optimum location for 
the forward edge of the porous area will, for any plain flap, be at or 
very close to the point of maximum negative pressure. 

Conclusions similar to the foregoing but with regard to the extent 
of the porous area are not so readily reached. It can be conjectured 
from figures 12(b) and 13 (b) that the position of the aft edge of the 
porous area for the minimum flow coefficient is at the point where the 
boundary layer is just sufficiently stable to withstand the subsequent 
presstire recovery without aid. If the porous area is not carried to 
this point, then the bovindary layer must be made more stable than in the 
case just mentioned, requiring larger flow coefficients, in order to 
suppress flow separation beyond the region of porous area. If the porous 
area is carried beyond the optimum point, then needless control is being 
applied. As yet, however, no theory is available analogous to that 
shown in reference l■l^■ for predicting the required extent of porous area 
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in th.e case of the flap. Fortunately, it appears that estimates made 
in the direction of establishing too great an extent do not result in 
excessive flow coefficients. Further investigation of this problem is 
indicated. 


Suction requirements — effect of lift coefficient and free— stream 
velocity.— Choice of a porous area which appeared, at least within the 
range of configurations studied, to be that one requiring minimum flow 
coefficient to maintain enabled limited studies of the varia- 

tion of Co . with free-stream velocity and with total lift coeffi— 
^crit 

cient. Typical data obtained during these studies are shown in fig- 
ures l4 and 15. 

It is evident from figure l4 that if differences in lift coeffi- 
cient of about 3 percent can be ignored, then the effect of free-stream 
velocity on Cq can be considered inconsequential within the range 

of free— stream velocities tested in this Investigation. When these 
results are considered in the light of the limited amomt of data avail- 
able, it is concluded that any attempt to demonstrate a variation of 
flow coefficient for ACL(,pj^^ with free-stream velocity is unjustified; 
until more detailed studies can be made, the flow coefficient for 
ACLcrit —3 percent) must be considered independent of free-stream 

velocity. 


A condition similar to the foregoing exists when an attempt is made 
to ascertain the variation of with total-wing lift coefficient 

(see fig. 15). At the lowest free-stream velocity, for 

(+1 percent) shows a slight increase with while at the higher veloc- 

ity, it shows a slight decrease with Cp; however, if a 3— percent drop 
in accepted, then, the tests made at the higher velocity 

also show a slight increase in ^ result of this, it is con- 

cluded that existing data are incapable of demonstrating any significant 
variation of Cq with Cj^; until more detailed studies are made, 

the flow coefficient for ACt (±3 -percent) must be considered inde— 

•‘■'crit 

pendent of total wing lift. For the tests reported herein, the smallest 


value of Cq 


crit 


was 0.0005 for 55° of flap deflection and O.OOO9 for 


70 of flap deflection. 


All the conclusions reached in the foregoing examinations of data 
are contrary to what would be expected. As discussed briefly in refer- 
ence 3> E^ny one configuration of porous area should give minimum 

at only one velocity and, hence, Cq should vary with velocity. 

^crit 

Further, it is reasonable to expect the stability of the botmdary layer 
approaching the flap to decrease as the wing lift increased (and the 
adverse pressure gradient traversed by the bo\mdary layer at the wing 
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leading edge also increased); as a consequence, miniinum should 

increase with wing lift since more stability must be imparted to the 
boTondary layer at the flap. These apparent contradictions are probably 

evidence that the so-called minimum values of Cq found in this 

^crit 

investigation are, in reality, so far from a true minimum that the effects 
of the factors under consideration are totally masked. It is believed 
that a large percentage reduction in minimum may be realized 

(Appendix B) by controlling the chordwise distribution of inflow veloc- 
ities. In view of the moderate values of measured in the sub- 

ject investigation, a large percentage reduction is, in fact, a small 
absolute value, and the value of its realization may be open to questions 
in the range of lift conditions and flight speeds considered of current 
interest. It must be pointed out, however, that the reduction of flow 
coefficients may become of great importance in cases where duct space 
is limited. 

Plenum— chamber pressure coefficients — relation to external peak- 
pressure coefficient .— The total power required is directly a function 
of the plenumr-chamber pressure coefficients as well as the flow coeffi- 
cient. The plenumr-chamber pressure coefficient, Pp^^ must have a suf- 
ficiently negative value to overcome duct losses and pressure drop through 
the porous material at the required flow rate and, also, to overcome the 
external negative pressures. In the general case, duct losses and the 
pressure drop through the porous material are readily calculable within 
the accuracy required, and it would be anticipated they would be small. 

In the subject investigation, these losses were negligible; hence, 
required values of Pp are almost entirely a result of external pres- 
sures . 

The variation of the ratio of plenum— chamber pressure to peak 
external pressure with lift coefficient is shown in figure l6. A sur- 
prising feature indicated by these results is that the ratio is defi- 
nitely less than 1.0. For all the cases shown, the forward edge of the 
porous area was at the location for minimum required to reach 

ACj^crit^ as noted earlier, this location is very close to the peak nega- 
tive pressure. It can only be concluded from this that some outflow of 
air occurred through the porous surface near its forward edge. Such an 
occurrence does not seem favorable to any form of boundary— layer control, 
and it is probable that the outflow in these cases was possible only 
because excess air was being withdrawn through a major portion of the 
porous area. It is apparent the latter would be the result when the 
external pressure over the porous surface varied in a chordwise direction, 
while the internal pressure was a constant and the porosity of the mate- 
rial was a constant. It is believed that the value of could be 

substantially reduced, and that the required internal duct pressure would 
become at least equal to the maximum negative external pressure if the 
chordwise porosity variation were adjusted to maintain nearly constant 
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suction velocities. Some discussion of this problem of controlling the 
chordwise variation of suction velocities at a wing leading edge is 
given in references 3 and 15 ; detailed research, however, is yet required 
before a quantitative evaluation of its effects can be made in the case 
of the flap. Until such research can be completed, it is concluded that 
a conservative estimate of the required duct pressures would be that they 
must equal the maximum negative external pressure. 

Plenurn-cbamber pressure coefficients - effect of free-stream veloc- 
ity and lift coefficient .- It was found experimentally that the plenumr- 
chamber pressure coefficient for any one configuration and angle of 
attack was essentially independent of free— stream velocity within the 
range tested. As indicated in the subsequent tables, the value of Pp^ 

is primarily controlled by the external pressure coefficient; this showed 
negligible variation over the Reynolds number range and Mach number 
range of the investigation. Loss through the porous material and duct 
losses, which secondarily control the value of Pp^ required, were 
changing with the variations in but the effects remained a 

negligible part of the total. 

A significant effect of lift coefficient on the required value 
of Ppp was found (see fig. 17). Again, this was due almost entirely 
to the variation in the peak negative external pressure coefficient 
which dropped appreciably with an increase in lift coefficient. Such 
a drop is not compatible with potential theory; it would be expected 
that, provided theoretical flap effectiveness were realized, a sligjit 
rise in external peak negative pressure would be experienced. It may be 
concluded that 100— percent flap effectiveness was not realized. 

Pre s sure di s tr ibut i ons . — Chordwise pressure distributions and sec- 
tion lift-curve slopes obtained with the flap deflected 55° and with 
and without suction are shown in figures l8 and 19. Two points are of 
particular interest; first, the marked change in pressure distributions 
as a result of application of suction and, second, evidence of separa- 
tion of flow first appearing at the leading edge of the wing with suc- 
tion applied to the flap. 

It can be seen that the effect of applying suction to the flap is 
to change the pressure distribution from one indicating separation of 
flow over the flap to one closely resembling the type predicted by the 
airfoil theory where no separation of flow is considered. These results 
substantiate two comments made earlier: That the expected lift increment 
from such a flap is predictable from thin-airfoil theory, and that the 
pitching moment for a given flap lift increment is less for this type 
of flap than for other types because of the amount of lift induced on 
the forward part of the wing. 
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Examination of figure l8 shows that with suction applied to the 
flap, leading— edge separation (as evidenced by the collapse of the peak 
negative pressure at the leading edge) occurred between 10.9° and 12.8° 
angle of attack. This, as was noted earlier, limits the maximum lift. 
Partial collapse of lift on the flap occurred at the same timej however, 
this was believed to be the result of air— flow separation at the wing 
leading edge. The investigation was therefore continued by examining 
the effect of several devices designed to delay separation of flow from 
the leading edge. 

Typical power requirements .— The actual power requirements for an 
airplane should be specified in terms of the wing loading and landing 
speed. In order to determine such values which were free from the 
uncertainties of estimating flow coefficient and pressure coefficient, 
data were obtained under conditions corresponding to level flight at 
wing loadings of 4 o and 6 o pounds per square foot. 


The following table shows measured minimum suction horsepowers 
required to obtain The powers shown are those required to 

drive the pump and thus include duct losses, system leakage, and the 
effect of pump efficiency. For the conditions quoted in the table, the 
first two items caused a small increase in power; for all conditions 
the pump efficiency was about 65 percent, thus, a substantial reduction 
in power could be achieved by improved pump characteristics. 


w/s, 1+0 Ib/sq ft 

Flap deflection, 55° 

Flap deflection, 70° 

Angle 

of 

attack 

Ol 

> 

ft/sec 

^Qf 

'’i-f 

Measured 

suction 

hp 

Cl 

> 

ft/sec 


^pf 

Measured 

suction 

hp 

0.5 

h,6 

10.9 

15.1^ 

0.79 

1.06 

1.1+5 

1.68 

206 

178 

152.5 

11+1.5 

0.000I+7 

.00050 

.00062 

.00065 

^.1+ 

-1+.2 

-3.5 

-3.0 

23.0 

15.7 

10.1 

6.7 

0.91 

1.1I+ 

1.50 

192 

172 

11+9 

0.00088 

.00090 

.00072 

-7.8 

-7.6 

-6.1+ 

59.2 

1+0.0 

15.1 

w/s, 60 Ib/sq ft 

0.5 

1+.6 

10.9 

0.77 

1.04 

1.1+3 

256 

220 

187.6 

0.000I+9 

.00052 

.00056 

-1+.5 

-1+.2 

-3.8 

1+3.7 

28.5 

16.9 

0.90 

1.13 

1.1+1+ 

237 

216 

187 

0.00098 

.001 

.00086 

-8.0 

-7.1+ 

- 6.6 

107 

70.5 

36.0 


^Suction requirements for 15.1° angle of attack were obtained with unmod- 
ified leading— edge configuration A; others were obtained with unmodified 
leading— edge configuration B. 
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It is interesting to note that the power required varies roughly 
as the cube of the velocity ratios. In any attempt to extrapolate these 
results to much different conditions (e.g. , higher wing loadings, higher 
lift coefficients) by this variation, due consideration should be given 
the compensating effects which make the extrapolation fit the range of 
test conditions given here. 

It is apparent that forward speed has a large effect on powers 
required. An attempt to reach forward speeds can 

require very high powers. This does not appear to be of particular 
importance, however, because it has been demonstrated that area suction 
will cause reattachment of flow when applied where separation exists. 
Therefore, it would be necessary to supply only the power required to 
cause reattachment of flow at a desired low forward speed; as this speed 
was approached from some higher speed, an increase in flap effectiveness 
due to the attachment of flow to the flap would be felt, similar to an 
increase in deflection of a conventional flap. The increased forward 
speeds resulting from even higher wing loadings than considered here 
may, however, result in undesirably high power requirements. It is 
believed that in these cases, the required power can be reduced by con- 
trol of the chordwise distribution of normal velocities through the 
porous surface. 


Model with Suction Flap and 
Leading-Edge Devices 


Three types of leading— edge devices designed to delay separation of 
flow at the leading edge were readily available. To limit the number of 
variables under study, only one suction flap configuration was used dur- 
ing these tests. This was configuration 4 which gave minimum 

with 55° of flap deflection. The primary purpose of this phase of the 
study was to ascertain the effect of higher wing lift coefficients on 
the characteristics of the suction flap and to ascertain if any major 
changes were made in these characteristics by the type of device used to 
delay leading-edge separation in order to achieve the higher wing lifts. 
It is believed that any significant changes found for this flap configu- 
ration would also exist for any other. 

Lift ,— The effect of the three leading— edge modifications on the 
lift characteristics is shown in figure 20. Considering first the mod- 
ified leading edge and the area— suction leading edge, it was apparent 
that the major portion of the flap effectiveness was maintained to very 
high angles of attack with the control of leading— edge separation. 

There is a gradual reduction in lift-curve slope above a lift coefficient 
of about 1.4; as will be noted later, there is slight evidence that this 
was due to a loss in flap effectiveness. However ; for all points tested. 
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there was a well-defined value of that could he chosen similar 

to that shown in figure 11. It can be concluded, therefore, that an 
increase in over-all wing lift will have no pronounced effect upon the 
lift contributed by the suction flap. 

The case of the partial-span leading-edge slat is somewhat different. 
At an angle of attack of about 6°, a marked loss in flap effectiveness 
occxirred. This was traced to the rou^ air flow which came from the 
inboard end of the slat. This restricted area of rough air flow suc- 
ceeded in separating the flow from that area of the flap lying directly 
behind the inboard end of the slat. It was not possible to attain as 
high a value of lift increment as was attained with other leading edges 
with the amounts of suction tried in the tests. 

_Fitching-moment characteristics . - No particular effect was found in 
the pitching-Hiioment characteristics with the possible exception that the 
partial-span slats could not provide nose-down moments at stall with the 
suction flap, although they could with the normal F-86 a slotted flap. 

The tail— off moments shown in figure 20(b) are included simply to show 
that there were no sudden changes in wing moments that were obscured by 
the tail contribution. 

All the model configurations considered to this point showed insta- 
bility beyond maximum lift. Although the undesirability of this is 
open to question (ref. l6), some tests were made to see if it could be 
overcome by limiting the spanwise extent of area suction. This is sim- 
ilar to the procediire used in reference 1. As is evident in figure 21, 
it was possible to alter the pitching moment at stall althou^ a sub- 
stantial reduction in maximiam lift resulted. It is not meant to be 
implied by these tests that only spanwise control of area suction at 
the leading edge will give nose-down moments at stall. The significant 
point is that the suction flap does not eliminate the effectiveness of 
this type of control. 

Suction requirements .— As noted earlier, a primary point of interest 
in these tests was to determine whether various leading— edge modifica- 
tions would significantly affect the flap suction requirements. Subject 
to the qualifications made previously with regard to fixing an exact 
minimum value of stated that, except where partial- 

span leading-edge stall occurred with the partial-epan slat, no differ- 
ences in suction requirements greater than 10 percent were found. It 
should be emphasized, however, that a more detailed study will be 
required to determine whether there are any such effects. 

Up to the highest lift coefficients attainable with the various 
leading— edge modifications, subject to the limitations previously dis- 
cussed, independent of lift coefficient and velocity. Also, 

the comments previously made regarding plenum— chamber pressure coeffi- 
cient were found to be applicable at the higher lift coefficients. 
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Pressure distributions .— Chordwise— pressure-distribution data and 
section— lift— curve slopes obtained with area suction applied at both 
the leading edge of the wing and on the flap are .shown in figures 22 
and 23. Below the first appearance of separation, there existed char- 
acteristics very similar to those already discussed. The initial loca- 
tion of separation, however, is not so readily definable as in the pre- 
vious case. 

Comparison of figures 22(c) and 22(d) shows that at the O.U5 2y/b 
station, the leading-edge peak pressure has nearly ceased to rise and 
the peak pressure over the flap has practically collapsed (althou^ no 
pronounced effect of separation is apparent). It cannot be ascertained 
which of these flow changes is cause and which is effect but it is sus- 
pected that, at least for this configuration of area suction on the 
flap, the limit of control of the area suction on the flap is being 
approached. 

Typical power req\iirements.— The following table has been prepared 
to demonstrate the order of magnitude of powers required at the high 
lift coefficients made possible by use of leading-edge devices. In 
addition to the powers required at the flap, powers required for area 
suction at the wing leading edge are given for comparison with those of 
reference 1. As in the previous table, two values of wing loading were 
examined for the F-86A model, 40 and 60 pounds. As noted previously, 
tests were made with velocity and attitudes corresponding to those of 
flight for these wing loadings. For the case of area suction at the 
wing leading edge, the measured suction power includes the duct losses 
and pump losses which are listed in table VII and are subtracted to 
obtain the values of suction power. 


Flap deflection, 55° > W/S, 40 Ib/sq ft 

Flap, configuration 4 

Leading— edge , configuration B-B 

Cl 

> 

ft/sec 


^Pf 

Measured 

suction 

hp 



Measured 

suction 

hp 

Suction 

hp 

1.6 

1.82 

1.95 

2.07 

2.17 

1U5 

136 

131.5 

127.5 

124.5 

0.00042 

.00040 

.00040 

. 00034 
.00033 

-3.3 

-3.0 

-2.7 

-2.8 

-5.8 

7.8 

6.0 

4.1 

3.8 

2.8 

0.00039 
.00051 
. 00063 
.00081 
.00101 

-12.7 

-19.^ 

-23.0 

-30.0 

-38.0 

18.8 

36.4 

43.7 

63.3 

97.6 

12.4 

23.7 

28.0 

36.0 

44.4 


Flap defl 

ectior 

1 55°, W/S, 

60 Ib/sq 

ft 


1.6 

1.82 

1.95 

2.07 

179.5 

166.5 
161 
153 

0.00058 

.00057 

.00059 

.00058 

-3.^ 

-3.2 

-3.0 

-2.8 

l4.0 

9.4 

8.3 

6.8 

0.00044 
.00061 
. 00072 
.00088 

-l4.4 

-19.8 

-24.7 

-31.^ 

37.6 

77.9 

98.2 

171.0 

23.0 

43.1 
54.7 

92.0 


CONFIDENTIAL 


NACA EM A53E06 


COrrFIDENTIAL 


19 


When these powers and flow coefficients required to control separa^ 
tion of flow at the leading edge are compared with those quoted in 
reference 1 for corresponding conditions, it will he evident that a 
reduction in both power and flow coefficient have occurred. That such 
is the case, despite the fact that the same leading edge was used for 
each test, is worthy of some consideration. A comparison on the basis 
of equal Cp’s produces such a result largely because the increased 
flap effectiveness reduces the leading— edge pressure peaks reqtiired to 
reach a given wing Cq,. A more valid comparison on the basis of equal 
wing loading and equal angles of attack, where the leading— edge pressiire 
peaks should be very similar, also shows a substantial reduction in 
power and flow coefficient, particularly at the lower lift coefficients. 
This is partially due to a decrease in velocity for level flight brou^t 
about by the increase in lift due to greater flap effectiveness. Even 
when this is accounted for, however, a reduction remains. It is thought 
to be due to a change in the span loading and chordwise loading, induced 
by the more effective flaps, which resulted in a more favorable spanwise 
distribution of suction velocities at the leading edge. This is partly 
supported by the fact that the differences tend to disappear as the flap 
effectiveness diminishes slightly at the higher C^’s. Insufficient 
data exist to evaluate quantitatively these effects, but it is important 
to note they exist. 


CONCLUDING EEMARKS 


The results of the wind-tunnel investigation of a 35° sweptback 
wing indicated that large increases in flap lift increment can be made 
by applying area suction with very small suction flow quantities to an 
area near the leading edge of a flap. It was determined that the area 
suction served to prevent air— flow separation and, hence, flap effec- 
tiveness agreeing closely with Invlscid flow theory could be realized. 

It was determined that the flap lift increment coiild be maintained 
almost without loss to maximum lift of the wing which appeared to be 
governed by leading-edge separation in all cases, including those where 
leading— edge— separation control devices were used. The effectiveness 
of the area suction was not too critical as to location of the porous 
area but the suction requirements did vary with the location of the 
porous area. 

For the parti ciilar model under investigation, a flap lift increment 
of 0.78 was realized for a flap deflection of 55° with a flow coeffi- 
cient of 0.0005 and a lift increment of O.87 for a flap deflection 
of 70 ° with a flow coefficient of 0 . 0009 ; both flap deflections gave a 
lift increment of about 0.5 without area suction. Study of the results 
indicated that substantial reduction in the values of flow coefficient 
can be made by further refinements (see Appendix B). Examination of 
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the power requirements for this type of boundary— layer control for a 
typical fighter— type airplane showed values of the order of I 7 horse- 
power. 

It was found possible, from the results available, to develop a 
procedure which enabled estimates to be made of the flap lift increments 
and power requirements for wings other than the one tested. 


Ames Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Moffett Field, Calif. 
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APPENDIX A 

A FIRST APPROXIMATION OF A DESIGN PROCEDURE 
FOR APPLYING AREA SUCTION TO A FLAP ON 
A WING HAVING 45° OF SWEEPBACK 


From the results presented in this report for the suction flaps on 
a 35° sweptback wing, an approximate design procedtire vas devised to 
enable estimation of the suction requirements for suction flaps on wings 
having other angles of sweepback. The design procedure will be discussed 
for flaps on a wing having 45° of sweepback, an aspect ratio of 3.5, a 
taper ratio of 0.5; and a wing area of 300 square feet. The flap will 
be of constant 30-percent chord (measured along the streamwise chord), 
extending from 0.1? semispan to 0.72 semispan. The procedure will be 
directed toward, first, calculating the increment of lift to be obtained 
from the flap; second, selecting the chordwise extent and position of 
the porous area; third, estimating the pressure coefficient necessary 
for pumping; and fourth, estimating the flow coefficient and the suction 
power required. 

Calculation of flap Increment of lift .- The results of the investi- 
gation on the 350 sweptback wing and the results of some unpublished 
small-scale two-dimensional tests (2-foot-chord model) indicate that 
applying area suction to a trailing-edge flap simply allows the flap to 
be deflected to high angles without allowing air-flow separation to 
occur on the flap. With no air-flow separation on the flap, a nearly 
linear variation of flap lift increment with flap deflection angle is 
maintained to very high angles of flap deflection. Therefore, the first 
step of the design procedure, to calculate the increment of flap lift 
attainable with a given flap on a 45° sweptback wing, can be made with 
the use of the theory of reference 13 . The validity of the step has been 
indicated by comparison of experiment and theory for the tests on the 
35° sweptback wing reported herein. 

The small-scale two-dimensional tests indicated that the linear 
variation of lift increment with flap deflection could be maintained to 
flap deflections of 65°. In this discussion, the assumption will be made 
that 55° and 65° of flap deflection with area suction will have unsepa- 
rated air flow. The theory was used to calculate the increment of flap 
lift with these flap deflections measured in the plane normal to the flap 
hinge line. The calculations indicate that an increment of flap lift of 
0.89 should be obtained with 55° deflection and an increment of lift of 
^*0^ deflection. These lift Increments, as in the case of the 

35 sweptback wings, should be of nearly constant value at all angles of 
attack below the angle where leading-edge separation occurs on the wing. 
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Position and chordvise extent of area suction .- From the tests 
on the 35 ° sweptback wing, it can be established that the leading edge 
of the porous area should be placed within a distance of ± 1 -percent 
nonnal chord (chord normal to the hinge line) from the peak negative 
pressure on the flaps. The peak negative pressure on the flap occurs 
quite near the midpoint of the radius of curvature but it can be 
located more accurately from airfoil -section theory. The chordwise 
extent of porous area can be from 1.5 to 3 percent of the normal chord 
for 55° flap deflection and 3*5 to 5*0 percent of the chord for 65 ° 
flap deflection. The use of any positions and chordwise extents of 
suction given in this range will give approximately the calculated 
increments of flap lift with suction power requirements of the same 
order of magnitude as possible minimum values. 

Suction pressure coefficient .- The suction pressure is the sum of 
the external surface pressure, the pressure drop through the porous 
surface, and the pressure drop through the ducts. In this discussion, 
no calculations will be made of the pressure drop due to duct losses, 
for they are dependent entirely on the specific design of the ducts. 

The external surface pressure coefficient can be calculated theore- 
tically with the flap deflected. However, for simplicity in this case, 
the external surface pressure coefficient will be estimated from the 
values measured over the flap for the 35° sweptback wing. At 55° 
deflection, the maximum negative pressure coefficient over the flap was 
about —4.5 (fig. 18 ). The angle of sweepback of the hinge line is 
approximately 29 ° compared to a value of approximately 40° for the 30 - 
percent-chord flap on the example 45° sweptback wing. If simple sweep 
theory is used and it is assumed that the pressure coefficient based on 
the normal velocity is constant, the value of this pressure coefficient 
based on the free— stream velocity will vary as the square of the cosine 
of the sweep angle. On this basis the maximum negative pressure coeffi- 
cient is —3.6 on the flap surface for the 45° sweptback wing. It is 
realized that section thickness and chordwise extent of flap will have 
an effect on the magnitude of the radius of curvature over the hinge 
line and, hence, the pressure coefficient, but these effects will be 
neglected for this analysis. The value of pressure coefficient for 
the 65 ° flap deflection is estimated from the value of — 8.2 measured on 
the two-dimensional model. When this value is corrected by simple— sweep 
theory, the pressure coefficient on the 45° sweptback wing flap would 
be —4.8. This value compares quite closely to the value which would be 
obtained using a linear variation between 55 ° and 70 ° on the flap for 
the 35 ° sweptback wing and correcting for angle of sweep as shown in 
figure 24. 

A rough approximation can be made for the pressure drop through the 
porous surface. This is sufficient since the pressirre drop throu^ the 
surface will be a small part of the total pumping pressure. In the tests 
of this investigation at a free— stream velocity of I 83 feet per second 
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and a flap deflection of 55°^ the suction-air velocity had an average 
value of about 5 percent of free-stream velocity. This resulted in a 
pressure drop of about 8 pounds per square foot through the l/l6-inch- 
thick porous material, giving a pressure coefficient of -0.2, based on 
the free-stream dynamic pressure. However, as was discussed previously, 
the suction-inflow velocities varied from a small value near the leading 
edge of the porous area, where the maximum peak negative external pres- 
sures existed, to a very large excess value at the aft edge of the 
porous area. It is believed that for any porous material for which the 
surface porosity or permeability is kept constant across the chordwise 
extent, a conservative value for the Inflow velocities at the forward 
edge of 1 to 2 percent of the free-stream velocity will assure prevention 
of air-flow separation on the flap. For other porous materials, the 
pressure drop can be calculated by knowing the flow characteristics of 
the material and assimiing an inflow velocity. For an Installation on 
an aircraft, a porous stainless -steel surface could be used. The flow 
characteristics which might be obtained for porous stainless steel are 
shown in figure 25. The pressure coefficient necessary to draw the air 
through this type of porous surface would be about -0.2 for 55° deflec- 
tion and about -0.3 for 65*^ deflection, based on an assumed inflow 
velocity at the leading edge of 1 percent of free-stream velocity. 
Therefore, the total pumping pressure coefficient, neglecting duct losses, 
would be -3.8 for 55° deflection and -5.1 for 65° deflection. 


Suction flow coefficient and power .- The suction-flow-coefficient 
variation with angle of flap deflection is shown in figure 26 for the 
flap on the 35° sweptback-wing panels for 0.5° angle of attack and a 
free-stream velocity of I83 feet per second. The flow coefficients, 
based on the total -wing area and the free-stream velocity, are 0.0005 
for a flap deflection of 55° and are estimated from figure 26 to be 
0.0008 for 65 of flap deflection. For wings of other plan forms having 
flaps of other spans, the flow coefficients must be adjusted to a similar 
reference area and velocity. The reference area taken will be the area 
°f the wing over which the flap extends, which is 39 percent of the wing 
^ea for the 35° sweptback wing and 50 percent of the wing area for the 
45^ sweptback wing. The reference velocity will be the component of the 
free-stream velocity normal to the flap. The flow coefficients required 
for the 35° sweptback wing, based on these references, are O.OOI5 for 
55 flap deflection and 0.0025 for the 65° flap deflection. These values 
of flow coefficient, based on the new reference area and velocity, can 
be used directly on the ^5° sweptback wing flap to determine the quantity 
of air flow necessary for boundary-layer control. By this method, it 
was determined that 30.5 cubic feet of air per second would have to be 
removed with 55 of flap deflection and 53*2 cubic feet per second with 

65 . 

With the knowledge of the flow quantity and the pressure ratio, the 
suction horsepower necessary for the example wing was calculated, assuming 
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isentropic compression. The calcxilations indicate that 13*3 horsepower 
would he required for 55^ flap deflection and 28.1 for 65 *^ flap deflec- 
tion. These power calculations do not include duct losses or the pump 
loss. It is believed, based on the results of the investigation on the 
35° sweptback wings, that these losses would only require from 20- to 
30-percent additional power, depending on the efficiency of the pump. 
Therefore, an increment of flap lift of 0.89 can be obtained with a 
suction flap deflection of 55° approximately l6.T horsepower and an 
increment of lift of 1.05 with 65° deflection and 35 horsepower. These 
values would resialt in a wing lift coefficient of approximately 1.4 and 
1.5^ respectively, for 55° and 65 ° deflection at a wing angle of attack 
of 10°. 
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APPENDIX B 

ADDITIONAL INVESTIGATIONS OF SUCTION FLAP 


Subsequent to the preparation of the text material, additional data 
were obtained on the reduction of suction flow coefficients and on an 
intermediate flap setting of 64°. The results of these tests substantiate 
much of the discussion presented in the report. 

The results indicated that large reductions in the value of flow 
coefficient were obtainable with control of the chordwise distribution 
of suction-air velocities. This control can be obtained by two methods: 
First, by using a porous surface of constant thickness having higher 
pressure-drop characteristics than that used in the original tests; and, 
second, by using a porous surface having varying chordwise pressure-drop 
characteristics, as described in references 1, 3^ and 15 for the case of 
wing leading-edge suction. The chordwise distribution of suction veloci- 
ties required to attain equal values of ACl for three porous 

materials are shown in figure 27 for the 25“Percent spanwise station with 
chordwise extent of area suction, configuration 4, on the flap deflected 
55° • The distributions shown were obtained at an angle of attack of 0.5° 
and a free-stream velocity of I83 feet per second. The chordwise distri- 
bution of suction velocities, curve (a) figure 27, is for the original 
l/16-inch-thick porous material (flow characteristics of this material, 
grade 1, are shown in fig. 28) . To obtain this distribution of suction- 
air velocities, a pumping pressure coefficient of -4.5 was required, 
resulting in a total flow coefficient of 0.00049. For the same flap 
*^®Tlection with a constant l/l6-inch-thick porous material having approx- 
imately twice the pressure-drop characteristics (porous material, grade 2, 
in fig. 28) the chordwise distribution required to prevent air-flow 
separation on the flap is shown by curve (b) in figure 27. As can be 
seen by comparing curves (a) and (b), a large reduction in suction-air 
velocities was obtained at the aft edge of the porous surface. To obtain 
this distribution of suction-air velocities with this porous surface, a 
pumping pressure coefficient of -4.9 was required, resulting in a total 
flow coefficient of O.OOO36 or about a 27~p6rcent reduction in flow. A 
further reduction of suction velocity and flow coefficient was obtained 
by using a tapered porous material. The change in thickness of the 
material, shown in figure 28 (a), varied as the external surface pressure 
chordwise on the flap with the thinnest section at the forward 
edge near the peak negative pressure and the thick section at the aft 
edge where the externeil surface pressure was less negative. With the 
tapered porous surface, the chordwise distribution of suction-air 
velocities required to prevent air-flow separation is shown by curve (c) 
in figure 27- A pumping pressure coefficient of -5.3 was required to 
obtain this distribution, resulting in a flow coefficient of 0.00022 or 
^ 55“P6^cent reduction of total flow from the case with the constant- 
thickness high -porosity material. 
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Shown in figure 29 is the variation of flow coefficient required 
with flap deflection angle for the various types of porous materials 
used. It can he concluded that with the proper distribution of suction- 
air velocities^ large reductions in flow coefficient are obtainable. As 
pointed out previously in the text of this report, there is probably an 
ideal chordwise distribution that will give the absolute minimum flow 
coefficient, which these tests have only approached. However, the ideal 
distribution will not give a very large reduction in flow coefficient 
below that of distribution (c) of figure 27. Also, as the chordwise 
distribution of velocities approach the ideal, the value of pumping 
pressure required increases because of the larger values of inflow 
required at the forward edge of the porous area. Therefore, the reduc- 
tion in suction power that can be made below that of distribution (c) 
will be very small unless the ducting is such that the duct losses are 
a large part of the pressure losses in the system and then, small 
reductions in flow quantity will give large reductions in duct losses. 

Additional tests were made with the suction flap deflected 64^. 

The force characteristics with this flap deflection are shown in 
figure 30. As shown by the data in figure 31^ the increment of flap lift 
with flap deflection angle is nearly linear through 0*^ from 64^^. These 
tests were made with the same two grades of l/l6-inch constant -thickness 
porous material investigated with 55^ deflection. The chordwise extent 
of suction that gave the minimum suction requirements was an extent from 
2 inches aft of the hinge reference line (fig. 4) to 5 inches aft of the 
reference line. The flow coefficient required with the material of 
greater porosity (fig. 28) was 0.0008 and, with the material of lower 
porosity, a value of 0.00054 was required. This reduction in flow coef- 
ficient is due again to better chordwise distribution of suction-air 
velocities . 

The following table shows the measured minimum requirements to obtain 
ACLcrit horizontal tail off: 


W/S, J+C Ib/sq ft 


Flap deflection. 

55° 



Flap d 

eflection, 64^ 

Angle 

of 

attack 

Cl 

Uo 

ft/sec 

"^Qf 


Measured 

suction 

hp 

Cl 

Uo 

ft/sec 

CQf 

Ppf 

Measured 

suction 

hp 

0.5 

0.S3 

202 

0.00022 

-5.3 

12.5 

0.92 

191 

0.0005^ 

-6.8 

28.0 

6.6 

— 

— 

— 

— 

— 

1.28 

162 

.00050 

-6.3 

15.8 

10.9 

1.46 

151.5 

.00035 

-4.8 

8.3 

1.52 

148.5 

.00050 

-6.0 

12.4 


The powers shown include pump and duct losses. Values are given for the 
porous surface having a tapered material with the flap deflected 55^ 
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and for the ^ 16 -inch constant -thickness felt (grade 2) with the flap 
deflected oh . These suction requirements were measured at conditions 
corresponding to level flight at various angles of attack at a wing 
loading of ko pounds per square foot. 
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TABLE I.- COORDINATES OF THE WING AIRFOIL SECTIONS NORMAL 
TO THE \LENG QUARTER -CHORD LINE AT TWO SPAH STATIONS 
[Dimensions given in inches] 


Section 

at 0.467 

semi span 

Section at 0.857 

semi span 


Z 


z 

X 

Upper 

Lower 

X 

Upper 

Lower 


surface 

surface 


surface 

surface 

0 

0.231 

- - - 

0 

-0.098 

— — — 

.119 

.738 

-0.307 

.089 

.278 

- 0.464 

• 239 

.943 

-.516 

.177 

.420 

-.605 

• 398 

1.127 

-.698 

.295 

.562 

-.739 

• 597 

1.320 

-.895 

.443 

.701 

-.879 

.996 

1.607 

-1.196 

.738 

.908 

-1.089 

1.992 

2.104 

-1.703 

1.476 

1.273 

-1.437 

3.984 

2.715 

-2.358 

2.952 

1.730 

-1.878 

5.976 

3.121 

-2.811 

4.428 

2.046 

-2.176 

7.968 

3.428 

-3.161 

5.903 

2.290 

-2.4oi 

11.952 

3.863 

-3.687 

8.855 

2 . 61 j 3 

-2.722 

15.936 

4.157 

- 4.064 

11.806 

2.911 

-2.944 

19.920 

4.357 

- 4.364 

14.758 

3.104 

-3.102 

23.904 

4.480 

- 4.573 

17.710 

3.244 

-3.200 

27.888 

4.533 

-4.719 

20.661 

3.333 

-3.250 

31.872 

4.525 

- 4.800 

23.613 

3.380 

-3.256 

35.856 

4.444 

- 4.812 

26.564 

3.373 

-3.213 

39.840 

4.299 

-4.758 

29.516 

3.322 

-3.126 

43.825 

4.081 

-4.638 

32.467 

3.219 

-2.989 

47.809 

3.808 

-4.452 

35.419 

3.074 

-2.803 

51.793 

3.470 

- 4.202 

38.370 

2.885 

-2.574 

55.777 

3.066 

-3.891 

41.322 

2.650 

-2.302 

59.761 

2.603 

-3.521 

44.273 

2.374 

-1.986 

^63.745 

2.079 

-3.089 

^47.225 

2.054 

-1.625 

83.681 

-.740 

- - - 

63.031 

.321 

- - - 

L.E. radius: 1.202 

center 

L.E. radius: 0 . 822 , center 

at ] 

-.201, 0.216 

at 0 

.822, -0.093 


'Straight lines to trailing edge 
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TABLE II.- SUM4ARY OF EXTENT AI'JD POSITIONS OF POROUS SURFACE TESTED 
ON SUCTION FLAP, DIMENSIONS NORl^IAL TO HINGE REFERENCE LINE 

[Dimensions in inches] 


Flap deflection, 55^ 

Flap deflection, 70° 

Config- 

uration 

no. 

Extent of 
chordwise 
opening 

Position 
of for- 
ward edge 
(aft of 
ref .line) 

Config- 

uration 

no. 

Extent of 
chordwise 
opening 

Position 
of for- 
ward edge 
(aft of 
ref .line) 

1 

0.5 

2.5 

16 

2.12 

1.87 

2 

1.0 

2.5 

17 

2.62 

1.87 

3 

1.5 

2.5 

18 

3.12 

1.87 

k 

2.5 

2.5 

19 

3.62 

1.87 

5 

3.5 

2.5 

20 

4.12 

1.87 

6 

5.5 

2.5 

21 

5.12 

1.87 

7 

1.5 

0.5 

22 

3.62 

2.12 

8 

1.5 

1.5 

23 

3.62 

2.32 

9 

1.5 

3.5 

2k 

3.62 

2.62 

10 

1.5 


25 

3.62 

3.12 

11 

1.5 

5.5 

26 

3.62 

3.62 

12 

1.5 

6.5 

27 

3.62 

4.12 

13 

2.5 

3.5 




l4 

2.5 





15 

2.5 

5.5 
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TABLE III.- SUMMARY OF LEADING EDGES TESTED 


Configuration 

Leading edge tested 

A 

F-86A leading edge, slats closed, slits 
sealed 

B 

Porous leading edge with porous surface 
taped with a nonporous tape - unmodified 
F-86A leading -edge contour 

C 

F-86A leading edge, slats open, slits 
unsealed (fig. 7) 

D 

Modified leading edge (forward camber 
and increased leading-edge radius, 
fig. 7) 

B-B 

Full-span extent of porous area, 0.11 
to 0.96 span (fig. 8) 

C-B 

Partial -span extent of porous area 0.25 
to 0.96 span (fig. 8) 

D-B 

Partial-span extent of porous area 0.35 
to 0.96 span (fig. 8) 

E-B 

Partial -span extent of porous area 0.35 
to 0.96 span (fig. 8 ) 
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TABLE IV.- COORDINATES OF THE MODIFIED WING LEADING EDGE AT 
TWO SPAN STATIONS, NORMAL TO THE WING QUARTER-CHORD LINE 
[Dimensions given in inches] 


Section 

at 0A67 

semi span 

Section 

at 0.857 i 

semi span 


z 


z 

X 

Upper 

Lower 

X 

Upper 

Lower 


surface 

surface 


surface 

surface 

-1.692 

-1.445 

_ _ _ 

-1.250 

-1.359 

_ _ - 

-1.273 

-.348 

-2.552 

-.934 

-.495 

-2.192 

-.855 

.222 

-2.898 

-.619 

-.099 

-2.454 

-.436 

.629 

-3.114 

-.304 

.197 

-2.609 

-.Old 

.969 

-3.272 

.011 

.456 

-2.701 

.400 

1.266 

-3.391 

.326 

.675 

-2.769 

.819 

1.527 

-3.473 

.641 

.867 

-2.796 

1.237 

1.760 

-3.523 

.956 

i.o 4 o 

-2.813 

1.655 

1.952 

-3.549 

1.272 

1.189 

-2.821 

1.992 

2.104 

- - - 

1.476 

1.273 

- _ - 

2.074 

- - - 

-3.552 

1.587 


-2.813 

2.911 

- - - 

-3.531 

2.217 

- - - 

-2.787 

4.166 

- - - 

- 3.481 

3.163 

- - - 

-2.742 

6.258 

- - - 

-3.472 

4.739 

- - - 

-2.709 

8.350 

- - - 

-3.542 

6.314 

- - - 

-2.712 

10.442 

- - - 

-3.657 

7.890 

- - - 

-2.751 

14.626 

- - - 

-3.956 

9-466 

- _ _ 

-2.808 

15.936 

“ - - 

- 4.064 

11.042 

- - - 

-2.885 

1 

1 


11.806 

- - - 

-2.944 

L.E. radius: 1 . 674 ; 

, center 

L.E. radius: 1.261 

, center 

at -0.018, -1.445 

at 0.011, -1.359 
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TABLE V.- LOCATION OF SURFACE PRESSURE ORIFICES 


[Position of orifices^, chordwise percent] 


Orifice 

0.25b/2 and 0 . 45 b /2 station 

0 . 65 b /2 and 0.85b/2 station 

no . 

Upper surface 

Lower surface 

Upper surface Lower surface 

1 

0 

^ _ 

0 

- - - 

2 

.25 

0.25 

.25 

0.25 

3 

.5 

.5 

.5 

.15 

k 

1.0 

1.0 

1.0 

1.0 

5 

1.5 

1.5 

1.5 

1.5 

6 

2.0 

2.0 

2.0 

2.0 

7 

2.5 

2.5 

2.5 

2.5 

8 

3.5 

3.5 

3.5 

3.5 

9 

5.0 

5.0 

5.0 

5.0 

10 

7.5 

7.5 

7.5 

7.5 

11 

10.0 

10.0 

10.0 

10.0 

12 

15-0 

15.0 

15.0 

15.0 

13 

20.0 

20.0 

20.0 

20.0 

Ih 

30.0 

30.0 

30.0 

30.0 

15 

4 o.o 

4 o.o 

4 o.o 

4 o.o 

16 

50.0 

70.0 

50.0 

60.0 

17 

60.0 

75.0 

60.0 

70.0 

18 

70.0 

80.0 

70.0 

80.0 

19 

75.0 

88.0 

80.0 

90.0 

20 

80.0 

90.5 

90.0 

97.5 

21 

83.3 

93.2 

97.5 


22 

84.0 

96.0 



23 

84.4 

98.0 



24 

84.8 




25 

85.4 




26 

86.5 




27 

87.7 




28 

91.0 




29 

93.0 




30 

95.0 




31 

97.0 




32 

99.0 





^Upper surface orifices omitted: 
Station 0.25b/2, no. 6 
Station 0.85b/2, nos. 2,6, &.11 
Station 0.6!?b/2, no. 7 


Lower surface orifices omitted: 


Station 0. 2513 / 2 , 
Station 0.65b/2, 
Station 0.85b/2, 
12 . 8 ° 


no. 16 

nos. 6 , 7 , ^ 8 
no . 10 above 
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TABLE VI.- CONFIGURATIONS TESTED, AND TEST CONDITIONS 


Fig. 

no. 

Configurations 

Test conditions 

Leading edge 
(TaDle III) 

Flap 


Uo 

ft/sec 

w/s 

Suction 
(TaDle II ) 

Deflection 

deg 

Horiz. 

Tail 

10(a) 

A 

k 

55 

on 

lif5 and 183 

variaDle 

10(a) 

B 

no suction 

55 

on 

lif5 

variable 

10(a) 

B 

no suction 

70 

on 

lif5 

variaDle 

10(a) 

B 

1 throvigh 15 

55 

on 

lif 5 and 183 

variaDle 

10 (a) 

B 

l 6 through 27 

70 

on 

lif5 and 183 

variaDle 

10 (D) 

B 

no suction 

55 

off 

112 

variaDle 

10(D) 

B 

4 

55 

off 

112 

variable 

20 (a) 

C 

k 

55 

on 

varied 

ifO and 60 

20 (a) 

D 

h 

55 

on 

varied 

ifO and 60 

20 (a) 

B-B 

k 

55 

on 

varied 

ifO and 60 

20(D) 

B-B 

h 

55 

off 

112 

variaDle 

21 

C-B 

k 

55 

on 

varied 

IfO 

21 

D-B 

if 

55 

on 

112 

IfO 

21 

E-B 

if 

55 

on 

varied 

ifO 
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TABLE VII.- SUMMARY OF DUCT LOSSES AND PUMP LOSSES FOR 
AREA SUCTION APPLIED AT THE WING LEADING EDGE 




Extent 

of suction B 

-B 



Wing loading, 40 Ib/sq 

ft 

Wing loading. 

60 Ib/sq ft 

Cl 

Uo 

ft/sec 

^<iL 

Duct 

loss 

hp 

Pump 

loss 

hp 

Uo 

ft/sec 


Duct 

loss 

hp 

Pump 

loss 

hp 

1.6 

145 

-11.6 

2.0 

4.4 

179.5 

-12.5 

3.7 

10.9 

1.82 

136 

-17.6 

2.5 

10.2 

166. 5 

-18.3 

6.0 

28.9 

1.95 

131.5 

- 20.8 

3.5 

12.2 

161.0 

- 22.1 

7.2 

36.3 

2.07 

127.5 

-26.9 

6.1 

21.2 

153.0 

-28.1 

16.0 

63.0 

2.17 

124.5 

-32.2 

16.0 

37.2 
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Figure 1.— View of 35° swept-tack wing model mounted in the 40— by 80— foot 

wind tunnel. 
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Fineness ratio H.55 
Radius at station z 


l.840(l-(^ 



Figure 2. — Geometric characteristics of the J5® swept- wing model. 
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Incidence angle relative 
to fuselage center line, deg 
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Note: Coordinates of airfoil given in table /. 

Sweep angle of quarter-chord line in plane of wing 34»58'. 
AH dimensions are in feet. 

Figure J.— The layout of the wing; O** dihedral. 
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Figure 4— Schematic diagram shawing ducting and flaps. 
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Figure 5.— Close-up view of suction flap deflected 55 
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Suction -air velocity, feet per second 


Figure 6. Calibration of suction- air veioci ties for the porous 
mesh sheet backed with one- half inch wool felt material. 
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Dimensions in feet 
unless otherwise noted 



(a) Modified ieading edge. 



Figure 7.—.Detaiis of the wing airfoii sections at 0.857 semispan, taken normai to 

the wing quarter- chord tine. 
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(b) Unmodified section showing slat extended and retracied. 



Figure 7,- concluded. 
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0 .2 A .6 .8 io 


Spanwise station, 2y/b 

Figured.- Chordwise extent of porous surface at wing leading edge for several 

spanwise extents af area suction. 
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Wool felt length, /, inches 


Figure 9 Thickness variations of the felt backing used in 

the wing. 
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(a) Horizontal tail on. 

Figure iO.— Aerodynamic characteristics of the 35** swept -back wing with the suction flap de- 
flected 55** and 70** with and without suction. 
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(b) Horizontal fail off. 
Figure iO.- Concluded. 
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Figure //.- Variation of increment of flap lift coefficient 
with suction flow coefficient for 55'’ and 7 O'’ of flap 
deflection. = t45 ft /sec. 
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c: 
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o Length of surface U/2 in. 
Q Length of surface 2i/2in. 
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r-Configuration 3 
/ /-Configuration 4 / 
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o 
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I 
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-Position of peak negative 
pressure on flap 









O ' ^ 1 1 1 1 1 1 

0 1 2 3 4 5 6 7 


Position of forward edge of porous surface , 
inches , from reference line 



Length of porous surface , inches, forward edge 
two and one- half inches from reference tine 


(b) Porous- surface extent. 

Figure (2.- Variation of flow coefficient with extent and position 
of area suction on the flap deflected 55 ®. =0.78, 

Free - stream velocity - 145 feet per second . 
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Configure 



ation Id 

Position of peak negative 
pressure on flap 









o Length of surface 3 5/6ia 
□ Length of surface 3 1/6 in. 











0 1 2 3 4 5 6 7 

Position of forward edge of porous surface , 
inches , from reference line 



O 1 2 3 4 5 6 7 

Length of porous surface , inches , forward edge 
two and one - half inches from reference line 

(b ) Porous - surface extent. 

Figure 13. - Variation of flow coefficient with position and extent 
of area suction on the flap deflected 70**, AC/^ -0.87. 
Free- stream velocity- 145 feet per second . 
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Figure !4 . — Variation of flap increment of lift coefficient 
with flow coefficient for two free - stream velocities. Sf - 55 ® 
Configuration 4. a = 0.5**. 
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Figure !5 . — Variation of flow coefficient required for 
suction flap with wing lift coefficient for two free - 
stream x/etocities. Sf = 55** . Configuration 4. 
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Figure 16.- Variation of pressure ratio at flap with 
wing lift coefficient. 8^=55° 
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Figure !7.- Variation of plenum -chamber pressure 
coefficient with tiff coefficient. 8^ =55° 


CONFIDENTIAL 


Pressure coefficient 


MCA EM A53E06 


CORFIDENTIAL 


57 


Flagged symbols , no suction 

Unflagged symbols, suction 
applied at flap 



Figure 18.— Chordwise pressure distributions of the 35^ swept- 
back wing with and without area suction applied to the 
flap deflected 55**. 
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Figure Iff— Continued. 
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Figure !8.— Concluded. 
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Figure 19— Section lift curves for the 35** swept - 
back wing with suction flap deflected 55 **. 
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(a) Horizontal fait on. 

Figure 20.— Aerodynamic characteristics of the SS'* swept -back wing with area suction 
applied to the 55“ suction flap and with various leading- edge devices. 
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(b) Horizontal tail off. 
Figure 20.- Concluded. 
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Figure 2!.— Aerodymanic characteristics of the 35” swept -back wing with the suction flap 
deflected 55” and with various span wise extents of leading edge area suction. 
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Figure 22.— Chordwise pressure distributions of the 35 ** swept - 
back wing with the suction flap deflected 55^ and with 
area suction applied to the leading edge. Configuration B-B. 
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Figure 22. — Continued. 
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Figure 22 Continued. 
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Figure 22.— Concluded. 
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Figure 23.— Section lift curves for the 35'* swept -back 
wing with suction flap deflected 55** and area suction 
applied to the leading edge . 
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Flap deflection angle, $f , deg 

Figure 24r Variation of peak negative pressure coefficient 
over flap radius of curvature with flap deflection angle. 
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Figure 25.- Flow characteristics of i/iS-- inch - thick porous 

stainless steel 
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Figure 26— Variation of flow coefficient with flap deflection 

angle. ® 163 ft per sec. 
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Figure 27. — Measured chordwise distribution of suction - 
air velocities for three types of porous materials. 
^f=55°; Uq- 183 feet per second. 
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(a) Chordwise iistribution of thickness 
for tapered felt in flaps. Grade / felt. 



(b) Flow characteristics of two grades of 1/16- inch-thick 
woo! felt. 


Figure 26.— Chordwise distribution of felt thickness ond flow 
characteristics of two grades of woo! felt material. 
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Figure 29 , — Variation of flow coefficient with flap 
deflection angle for three types of porous materials. 


CONFIDENTIAL 


CONFIDENTIAL 



O 4 8 12 !6 20 24 28 32 


Angle of attack, a , deg 





Figure 30.— Aerodynamic characteristics of the 35** swept -back wing with the suction 

flap deflected 64f* Unmodified leading edge. 
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Figure 3!.- Variation of increment of flap lift coefficient 
with flap deflection angle. Horizontal tail off. 
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